Correlation network based on similarity is the common approach in financial network analyses where the Minimal Spanning Tree (MST) is used to filter the important information contained in the network. In this paper, by considering a distance matrix based on dissimilarities among multivariate time series of currency, a topological network was analyzed. A topological network can explain to what extent two or more multi-dimensional currency structures are different from each other. For this purpose, we examined the topological network of currency market from 2005 to 2011 in terms of the subprime crisis. After that, the multivariate time series evolution of MSTs were analyzed in terms of the structural changes for three periods (before, during, and after the crisis). Moreover, since the clusters of currencies in network analysis are due to regional factors, by considering each region, which is composed of a number of currencies, as an element on the financial system, we attempted to determine how a region interacts with the other regions in crisis periods. This motivated us to introduce a region-based network analysis of currencies. Since each region consisted of a different number of currencies compared to the others, the appropriate network analysis was in multivariate setting. Finally, the applications of the method were presented with the situation of a currencies crisis behavior. The results indicate significant changes in the topological structures of MSTs when their properties are compared to each other.
Introduction
The foreign exchange (FOREX) market is deemed as the main and most liquid market in the world, and affects all other markets directly or indirectly since any asset price is represented as based on a currency. The exchange rate is the most important adjustment lever in international trade and development. The fluctuations in exchange rates influence the activities of export trade, cross-border investment and financial transactions in a country and region. It is expected to reflect the whole economic status of the country, and FOREX rate is considered to be a measure of economic balance of any two countries; this has spurred various studies to investigate the properties of the FOREX market and its topological structure by the method of correlation network. This method has been devoted by econophysicists for studying economic problems using theories of physics.
The FOREX market is considered to be a complex system with a mass of interrelationships among currencies. In the FOREX market, the presence of interactions is deemed as particular significant feature for financial market dynamics. The investigation about the behavior of the relationships among currencies and regional currencies which are favorable for optimizing of the portfolio as well as risk method. They analyzed the topology evolution of FOREX markets by using MST in terms of the subprime crisis and presented the HT to investigate the clusters for sub-periods.
In the literature, there are many studies that have been carried out to analyze the complex system of FOREX market. It has become essential to understand the behavior of currency and the role played by them in these systems. However, previous researches into the foreign exchange market has shed little light on the time series properties of currency networks for currency crises. It is important to examine the time series properties of currency networks because network shapes vary as time goes on. Whether the time series have typical properties in response to currency crises is also a serious question.
In all previous models of network analysis in FOREX market, the behavior of closing price has been studied, in which each return is represented as univariate time series. However, in financial market activities, currencies and stocks are actually represented as Multivariate Time Series (MTS) of Opening price, Highest price, Lowest price and Closing price (OHLC) (Kazemilari and Djauhari 2015; Gan and Djauhari 2015) . There have been no studies done on the network analysis of currencies in relation to the crisis in multivariate setting. This is a gap that we want to overcome in this research. Therefore, we considered the multi-dimensional currencies of OHLC prices to study the relationships existing between currencies in FOREX market.
Most of studies have showed that the currencies are tending to cluster together based on the regional factor (Mizuno et al. 2006; Jang et al. 2011; Kazemilari and Djauhari 2013) . For that reason, we are interested to analyze the currencies network based on the regions in which the countries belong. Since, the numbers of countries for each region are different, we have to use a method in a multivariate case. The present research focuses on topological network analysis in a multivariate setting for currencies networks and regional-based networks.
Since a network is constructed in order to extract the information contained in dissimilarity structure, the notion of dissimilarity was introduced followed by the similarity measure based on a multivariate vector correlation. First, the dissimilarity measure of multivariate time series of OHLC prices was considered. After that, this method was used to construct the regional-based network among nine regions, and then we compared the evolution of the regional structure in three periods. This paper considers a network analysis of the time series properties in relation to the history of currency crises to determine how the subprime crisis in the United States affected the interconnections between currency movements. In the process, the time series evolution was analyzed in relation to the structure changes of MSTs before, during and after the crisis period. For that purpose, we presented the topology of dissimilarity networks among 83 chief currencies using the MST technique in three periods related to the U.S. subprime crisis. Then, by deriving some useful observations, we analyzed the topology evolution of FOREX markets in terms of the changes of the MSTs.
The remainder of this paper is organized as follows. In Section 2, we briefly describe the subprime crisis as a global financial crisis. Section 3 extracts the method of constructing currencies network and regional network in terms of dissimilarity structure for multi-dimensional data. In Section 4, we present the data set. Section 5 describes the currencies and regional based MST and following that the empirical results is discussed. Finally, Section 6 present the concluding remarks.
Subprime Crisis
After the serious Depression of the 1930s, numerous economists have considered the financial crisis of [2007] [2008] , namely the Financial Crisis, as the worst financial crisis. The financial crisis led to consumer wealth decreases in trillions of US dollars and a downfall in economic activities, which caused the 2008-2012 global recession on one hand, and which stabilized the crisis of the European Sovereign debt on the other hand. Consequently, this Financial Crisis was considered of utmost importance (Shirai 2009; Wall Street Journal) .
The crisis lasted although world political authorities, national financial ministers, and central bank directors all brought their efforts together to diminish fears. The currency crisis progressed up to late October 2008, while investors expanded their capital resources into the yen, the Dollar, and the Swiss Franc, which are known as the stronger resources. At that time, investors tried to find help from the International Monetary Fund (Shirai 2009) .
At the beginning of 2007, the world economy suffered a global financial and economic crisis that changed the global monetary system significantly. The U.S. financial crisis, which affected Europe first, spread around the world and hit the global economy. This global financial situation spurred more attention on the topological evolution among currencies and regions in FOREX market (Jang et al. 2011) .
Methodology
In this section, we introduce the method of similarity measure based on Escoufier's vector correlation for currencies and regions in two subsections, respectively. The procedure of constructing network by using MST was then followed by considering a way to transform a similarity into a dissimilarity measure. Section 3.3 explains more about network analysis tools to interpret the information contained in the networks based on three centrality measures.
Similarity Measure
In the case of univariate time series, the similarity among the one dimension of the closing price of currencies is quantified by using Pearson Correlation Coefficient (PCC) (Mantegna 1999; Mantegna and Stanley 2000; Wu and Zheng 2013) . However, in the case of multi-dimensional data, the notion of similarity is generalized from univariate into multivariate time series.
Similarity Measure in the Multivariate Setting of O, H, L and C Prices
Suppose p currencies that each currency is characterized by a set of OHLC prices in a portfolio are investigated. In order to measure the similarities and dissimilarities in the synchronous time evolution of a pair of currencies, we studied the correlation between the logarithmic changes of two multi-dimensional currencies i and j. In this case, each currency is represented based on four dimensions (n 1 , n 2 , n 3 , n 4 ) where n 1 refers to opening price, n 2 the highest price, n 3 the lowest price, and n 4 the closing price.
Let Z i (t, 1), Z i (t, 2) , Z i (t, 3), and Z i (t, 4) be the rate of currency i at time t for the opening, highest, lowest, and closing prices, i = 1, 2, . . . , p, and p is the number of currencies. Logarithmic change refers to the successive differences of the logarithm of OHLC prices as defined by:
where V i (t, 1), V i (t, 2), V i (t, 3), and V i (t, 4) indicate the log change of currency i at time t for the opening, highest, lowest, and closing prices, respectively. Let p i and p j be two currencies with four dimensions. Then, the similarity between p i and p j can be quantified by using ρV (Escoufier 1973; Robert and Escoufier 1976) : Escoufier (2006) , Kazemilari and Djauhari (2015) and Smilde et al. (2009) for more properties of ρV.
Similarity Measure among Regions
Suppose that the p currencies under study are classified into R regions and each region contains
p m = p is the total number of currencies under investigation. Let R a and R b be two regions consisting of p a and p b currencies, respectively. The number of currencies in each region can be different. Since, each region is composed by a number of currencies, the appropriate network analysis is in multivariate setting. Hence the relevance similarity measure between R a and R b is also quantified by using Escoufier's vector correlation coefficient (Escoufier 1973; Robert and Escoufier 1976) :
where Cov aa and Cov bb are the sample covariance matrices of R a and R b , respectively, and (Cov ab ) = (Cov ba ) T is the sample covariance matrix between R a and R b . Based on ρV, the similarity among R regions make a R × R matrix. This matrix is a numerical representation of R(R − 1)/2 pairs of regions.
Dissimilarity Measure
Various authors presented more rigorous discussions on the concepts of similarity and dissimilarity; the complementary to similarity. A higher value of a similarity coefficient indicates there is a greater association between variables, whereas a low value indicates that the two variables are quite dissimilar. For a dissimilarity coefficient, the interpretation is the other way around. A high value indicates great dissimilarity, whereas a low value indicates great resemblance.
Let us denote d as the symbol for a dissimilarity coefficient. A function of d is called dissimilarity if it satisfies the three axioms. It is usual to require that a function d(x 1 , x 2 ) is referred to as a dissimilarity if it satisfies:
The standard practice in currencies network analysis is through considering the correlations among currencies as their similarity and a way to transform a similarity coefficient s in to a dissimilarity coefficient d. The dissimilarity coefficient can be defined as the ultrametric distance, which is closely related to the Euclidean distance of the normalized time series (Mantegna and Stanley 2000) . Although there are many distance measures, i.e., the Entropy, the Ultrametric the Manhattan, and Theil index base distances (see e.g., Deza and Deza 2006) , in a practical application only few of them are in use: The Manhattan and Ultrametric (UD) distances because they can be used as a base in constructing other distances, i.e., the Theil index and Entropy distances. However, since the UD origin lies in portfolio optimization methods this distance is particularly useful in the process of portfolio construction. The analysis of UD and investigations of the appropriate MST network may simplify and speed up the process of portfolio construction, particularly the choice of shares which should be included in the portfolio.
In this research, the classical analysis of FOREX market structure consists of the UD distance matrix and construction of the MST is presented. Since Mantegna (1999) , it has been shown that the way can lead to changes on the market, e.g., during crashes, and point out to the clustering of companies (Onnela et al. 2003) . The Ultrametric Distance defined as the Euclidean distance of the normalized time series. The present definition d = 2(1 − s) is a generalization of the original definition (Mantegna and Stanley 2000) . The function d becomes a metric distance, if it satisfies the triangular inequality;
d(x 1 , x 2 ) = 0 if and only if x 2 = x 1 and foremost, the triangle inequality, which is given by: Mantegna (1999) first proposed the introduction of a distance between a synchronized pair of assets, with a distance numerically verifying properties (1)-(3). The knowledge of the distance matrix among n elements is customarily used for decomposing a set of n elements into subsets of closely related elements.
When the usual triangular inequality (3) is replaced by a stronger inequality d(
2 ) has a stronger condition. Thus, the d(x 1 , x 2 ) is a Sub-Dominant Ultrametric (SDU) distance. The ultrametric distance is encountered when moving from i node to j node over the shortest path in MST. Among all the possible ultrametric structures related to the distance matrix D, a single one emerges owing to its simplicity and remarkable properties is the sub-dominant ultrametric (SDU). The SDU is then used to construct the hierarchical tree (HT). A good explanation and a simple example of HT construction from MST is given in Mantegna (1999) . SDU is obtained by determining the MST connecting the p elements. This is because MST is able to reveal the strongest connections of each currency, but unable to exhibit the cluster information in the network. However, HT is contrary with MST.
Dissimilarity Measure in Multivariate Setting of O, H, L and C Prices and Regions
In this section, the sense of vector correlation and its practical usage in two different ways will be discussed: (1) It elaborates a metric in order to provide the relative distance among all currencies; (2) It supplies us with a process of economic and financial information extraction, regarding currency price time series.
In the following, there is a process in which a distance between currencies i and j is calculated in a synchronous fashion. If we consider:
where Cov i is the sample covariance matrices of p i , the Euclidean distance and the Pythagorean relation provides us with the n records of ρV i , present in the same time interval as the components ρV ik of an n-dimensional vector ρV i . The Euclidean distance between vectors ρV i and ρV j is obtained from the Pythagorean formula:
The vector ρV i has unit length from Equation (2). Hence:
Hence, Equation (3) can be followed as:
ρV ik ρV jk coincides with ρV ij . Hence:
which defines the Euclidean distance in terms of three properties on Section 3.2. Verification of properties (1) and (2) is easily applicable because ρV ij = 1 implies d ij = 0, and ρV ij = ρV ji implies d ij = d ji . The triangular inequality relies on the equivalence of Equations (3) and (6). Correspondingly, the quantity d ij fulfills three properties required by metric distance. Mantegna (1999) first demonstrated a distance numerically verifying properties between a synchronous. The usage of distance matrix between subjects is applicable with regard to disintegration of the objects into subsets. The distance matrix D corresponding to ρV is used to determine the topological network by using MST as a technical tool. According to Mantegna (1999) , the applied justification for using the MST relates to its aptitude in providing the meaningful economical information (Mantegna and Stanley 1999; Mantegna and Stanley 2000) . MST reduces the information of ρV from p(p − 1)/2 in to p − 1. It provides a topology network of p currencies and p − 1 most meaningful connections with shortest distances in which each currency represented as a node with strongest links between currencies. Kruskal's algorithm is the powerful and widely used algorithm in constructing the MST (kruskal 1956; Zhang et al. 2011 ). In the processes of Kruskal's algorithm, the edge with least distance will be chooses at each stage. In the final of the processes, it will construct a spanning tree which spans all nodes, and the sum of weights of all the edges in that tree is minimal. An MST of D = d i,j , where d i,j is a distance between i-th and j-th elements, was constructed in order to extract the information in dissimilarity structure.
To determine the key regions, we used MST and the concept of single linkage clustering. From the distance matrix D, the two key regions are the closest pair in which the distance between R a and R b is minimum. d ab is the distance between the regions a and b that defined in Equation (6). The distance matrix D = (d ab ) of size R × R is used to determine the MST and HT of regions. From the MST, the ultrametric distance can be determined. With constructing the MST of the regions and linking the closest pair of regions, we will get a regional network.
Interpretation Tools
Once the dissimilarity measure among currencies is well defined and network has been constructed by MST, the rest is about economic interpretation. A fundamental concept and one of the most studied theories in the field of network analysis, is centrality measure. Network centrality is a concept that refers to the location or position of nodes in the networks (Freeman 1979) . It is used to classify a network into important and unimportant nodes (Geisberger et al. 2008) . In this paper, three specific node-level centrality measures which are instrumental to network analysis, namely, degree-centrality, betweenness-centrality, and closeness-centrality are employed.
The degree of centrality for node i refers to the number of edges attached to it. It is calculated as follows:
where n is the number of nodes.
Betweenness-centrality shows the frequencies of nodes in the shortest paths between indirectly linked nodes. We employ Betweenness-centrality as suggested in Jang et al. (2008) . For node i, the betweenness-centrality is computed by:
where d jk denotes the number of shortest paths between node j and node k, and d jk (i) represents the number of shortest paths containing point i as an intermediately in the geodesics between node i and node k (Freeman 1977) .
Closeness-centrality measure is based on the idea that node i is central if it can quickly reach others. It is the inverse distance of each node to the other nodes in the network:
where d G (i, j) signifies the minimum distance between node i and node j. It assesses the effectiveness of one node in a graph. The nodes with higher values are closer to the others (on average).
Data Set
An exchange rate for currency X is determined in terms of a base currency B. Generally, per-currency can be considered as a base currency. As different currencies might have different interior dynamics associated to inflation, domestic economy, and sympathy to events in other countries of the world, performance of the exchange rates is highly related to a specific choice of the base. So, the correlation structure of the FOREX network mainly depends on the base currency ).
The exchange rate of currencies determines how much a currency is worth based on the other and it is generally and mostly stated in terms of the US dollar. The Euro and US dollar are the most dominant currencies because of the strength of the investors' confidence and their related economies ). Their important effect on other currencies is obvious as indicated by key positions in the network of the FOREX market which indicate that the exchange rates include at least one of the mentioned currencies. In this research, the exchange rate of each currency was based on USD, which is a potential claim on the freely usable currencies of International Monetary Fund (IMF) members. The worth of the USD is the worth of main currencies applied in finance and international trade. As the comparative value of per currency changes, the USD value constantly varies. The value of the USD in terms of all currencies is accessible from the IMF, which is usually updated every day. The daily exchange rate of per country's currency for USDs was applied as a fundamental data in several investigations like (Mizuno et al. 2006; Naylor et al. 2007; Górski et al. 2008; Keskin et al. 2011 ).
Data Set of Multi-Dimensional Currencies
As a case study in FOREX market, 83 currency exchange rates have been analyzed where currencies are represented by opening, highest, lowest, and closing prices as well over that period, not only by its closing price. When their closing price describes one dimension of currencies, the multi-dimensional currencies are used to find the hidden fact in currencies exchange market.
Data of 83 major world currencies from June 2005 to May 2011 were downloaded from http: //www.investing.com/ for weekly OHCL price due to synchronization of time series. In this study the weekly exchange rate of each currency is based on US dollar. . In order to analyze the evolution of currencies for each sub period, evidence will be provided in Section 5.
Data Set of Regional Currencies
These upcoming results were gathered according to historical data of exchange rate that were downloaded from Oanada (http://www.oanada.com). The daily exchange rate of 83 currencies of top highest-GDP countries are analyzed. The high-frequency data provides more valuable information about the foreign exchange market (Wu and Zheng 2013) . The appendix shows the 83 countries of nine regions, and their respective symbols. Table 1 demonstrates the number of currencies in each region. 
Data Analysis
In order to simplify and summarize the information in network structure, we constructed MST from a distance matrix (D) by using Kruskal's algorithm provided in Matlab version R2015b and Pajek software. Pajek software which is open source (See http://mrvar.fdv.uni-lj.si/pajek/) (De Nooy et al. 2011) and is the most recommended software in network analysis (Ohta 2006; Mrvar 2003, 2004) to visualize the topological network in the form of graphical representation.
In this part, the network properties of the currency and regions in relation to the subprime crisis and the network evolution of FOREX market are analyzed. After that, the structural changes in three sub-periods are compared and the key currencies and regions are determined.
Currency Network Analysis
Figures 1-3 show the MSTs of p = 83 currencies constructed using Kruskal's algorithm for first, second and third periods, respectively. In these figures, the topological structure of currencies is showed by MST. Each colored node represented a region (European countries, blue; Asian countries, yellow; American countries, red; Pacific Ocean, pink; African countries, green).
In order to interpret the topological properties of network, we conducted the analysis in terms of three popular measures of centrality, namely; degree centrality, betweenness centrality, and closeness centrality. These measures are useful to better understand the influence and supervision of each currency relative to the others (Abbasi and Altmann 2011; Xu et al. 2009; Espino et al. 2010) . Figures 1-3 show that the MSTs were mostly complemented by corresponding countries from the same regions such as European countries. EUR, which is an influential international currency, was located at the lowest position of centrality in the second and third periods (during and after crisis). In the first period (before the crisis) as shown in Figure 1 , DKK (Denmark Danish krone), SGD (Singapore Dollar) and EUR (Europe Euro) were in central positions, respectively. It means that these currencies had the highest scores based on degree, betweenness and closeness centrality measures. DKK and EUR as European currencies played the central level in the network and other European countries were linked to them. However, in period II, as drawn in Figure 2 , European countries losing their positions specially EUR and they linked to HUF (Hungarian Forint) and DKK (Denmark Danish krone). And AUD occupies as central positions in the second and third period and most of American countries connected to Australian dollar (AUD) during the crisis whereas all currencies of America are at the lowest level in three periods. SGD (Singapore Dollar) as a central currency in Asian countries lost the most centrality and other Asian currencies also moved away from SGD (Singapore Dollar) in the second and third periods.
DKK (Denmark Danish krone) and SGD (Singapore Dollar) also as two central currencies in period I lost the most centrality during and after crisis. CZK (Czech Koruna) is other European currency that lost centrality measure.
showed by MST. Each colored node represented a region (European countries, blue; Asian countries, yellow; American countries, red; Pacific Ocean, pink; African countries, green).
In order to interpret the topological properties of network, we conducted the analysis in terms of three popular measures of centrality, namely; degree centrality, betweenness centrality, and closeness centrality. These measures are useful to better understand the influence and supervision of each currency relative to the others (Abbasi and Altmann 2011; Xu et al. 2009; Espino and Hoyos 2010) . In the process of changes of MST, as we expect, the centrality of Europe is decreased during the crisis period ( Figure 5 ) and instead, the Pacific region plays an important role in period II. From the figure, we noted that the closest pair of regions were Pacific and Northern America with the smallest distance value, 0.87. This means that the configuration of currencies in Northern America is similar to Pacific. The connection of American regions to Pacific also made sense. The continuous connection figure, we noted that the closest pair of regions were Pacific and Northern America with the smallest distance value, 0.87. This means that the configuration of currencies in Northern America is similar to Pacific. The connection of American regions to Pacific also made sense. The continuous connection of American regions (Northern America, South America and Central America) linked to Pacific in the bottom right of the figure are adjacent and in the lowest position of network centrality. The connection of all American regions to Pacific also made sense. As a result of Section 5.1 of currency network analysis, the centrality measure of EUR decreased in the second and third periods of crisis, while the AUD moved to be in the central position. This result was also clear in the regional network, which showed that how the US crisis affected the structure of regions in the network.
Regional Based Currencies Network Topology
In the third period, the Europe, Central America and Caribbean regions were at their lowest position. But, during the crisis, the structure of MST was more correlated than after the crisis, due to the average distances being smaller compared to period III.
From the figure, Pacific and Northern America were still a closed pair compared to others with the smallest distance value. AUD could be considered as a key currency, and SGD plays an important and preferred currency in terms of the connections of AUD (Figure 3 ).
Concluding Remarks
This research considers the multidimensional data of currencies and regions to measure the similarity and dissimilarity by using Multivariate vector correlation where each currency or region is represented as a MTS. It is valuable in its considerations of how the subprime crisis affected the interrelationships of currency changes. To the best of our knowledge, there are no studies dealing with network analysis of multi-dimensional OHLC currency prices and the regional based currencies According to the topological structure of regions showed by dissimilarity-based MST in Figures 4-6 , we determined the closest pairs of regions. With connecting all the pairs of regions, we obtained a regional based MST of currencies. From the MSTs, their associated indexed HT showed the hierarchical organization of the regions for three periods in Figures 4-6 . The MST and HT were applied to find the clusters of regions and the key region. From the MST, the HT could be constructed directly. An important property is that the HT is always unique; however the MST might not be. Therefore, the topological network of an MST must be interpreted with caution.
By using hierarchical tree, we can obtain the taxonomical and hierarchical structures of regions in networks. To define the connection of two regions, the single linkage clustering method is used to find the minimal distance. This method is useful for determining the important region which is representative in making a connection between those regions. In HTs, two lines connected when a vertical line is drawn between two horizontal lines. The height of the vertical line indicates the distance at which the two regions are merged.
From the figures, we noted that the distance between pairs of regions have high value in all periods except in period 2 that Pacific-North America (d ab = 0.87), Europe-Africa (d ab = 0.91) and North America-South America (d ab = 0.92) were merged with shortest distance of strong relationship, respectively. This implies that the regions in second period (during the crisis) have a high degree of correlation, except South America-Central America and the Pacific-Caribbean. This might have been caused by the impact of crisis within them. According to the comparison of currency and regional network, it is obvious to see that the currencies tended to merge to the same regions. From those figures, a cluster was clearly present, with Europe being the dominant region in first period; however, Europe moved away from the center of the cluster undergoing the crisis in the second and third periods. Generally, the position of a given region in a network has its own characteristics and the position it is located on will reflects the relationships between it and other regions.
In Figure 4 , in terms of centrality, the Europe region plays an important role in first period of crisis. The continuous connection of five regions of the figure is meaningful. Geographically, Europe, Pacific, North America, South America, and Caribbean are adjacent. The MST exhibited the topological structure of regions.
In the process of changes of MST, as we expect, the centrality of Europe is decreased during the crisis period ( Figure 5 ) and instead, the Pacific region plays an important role in period II. From the figure, we noted that the closest pair of regions were Pacific and Northern America with the smallest distance value, 0.87. This means that the configuration of currencies in Northern America is similar to Pacific. The connection of American regions to Pacific also made sense. The continuous connection of American regions (Northern America, South America and Central America) linked to Pacific in the bottom right of the figure are adjacent and in the lowest position of network centrality. The connection of all American regions to Pacific also made sense.
As a result of Section 5.1 of currency network analysis, the centrality measure of EUR decreased in the second and third periods of crisis, while the AUD moved to be in the central position. This result was also clear in the regional network, which showed that how the US crisis affected the structure of regions in the network.
This research considers the multidimensional data of currencies and regions to measure the similarity and dissimilarity by using Multivariate vector correlation where each currency or region is represented as a MTS. It is valuable in its considerations of how the subprime crisis affected the interrelationships of currency changes. To the best of our knowledge, there are no studies dealing with network analysis of multi-dimensional OHLC currency prices and the regional based currencies in relation to the crisis.
Generally, this study has concentrated on a network of currencies and regions as the illustrative examples of the FOREX market to demonstrate the mechanism of dissimilarity measure in a multivariate setting. We present the topology networks among 83 major currencies using the MST technique in three periods. This study examined the network topology evolution of currencies and regions from 2005 to 2011 in terms of the subprime crisis, and then the structural changes were compared for three sub-periods (before, during and after crisis). The result of the network analysis showed several significant changes during and after the crisis, compared to before the crisis. For example, European countries lost the central position in the second and third periods, and AUD became the central currency after crisis. In topology network and hierarchical structures of regions, the connections of regions are compiles of their geographical location. With determination of the closest pairs of currencies, a region-based MST of currencies is obtained. From the MSTs, the key currencies and regions are determined for each period. This helped us to suggest ideas about the relationship between currencies and regions and their properties.
The value of distances issued from the MST and that from the HT had the same pattern and the same magnitude. They showed smaller values during the crisis. This means that during the crisis, currencies related strongly to one another; they strongly influenced one another.
The basic findings of the topological properties of the FOREX market can be summarized as follows:
(1) From the three MSTs, we draw some conclusions. For instance, EUR is confirmed as the predominant world currency in first period (before crisis). However, the European countries are not stable specially EUR in the period of 2007-2009 (during crisis). (2) Based on the topology network and hierarchical structures of regions, we find that the network structure of regions during the crisis is more correlated than before and after the crisis because the crisis became prevalent in most of the countries in this period.
Our result shows that currency networks have several notable alterations in the three periods. With the growing frequency of financial crises, this work can suggest basic ideas about the relationship between currency crises and the properties of the currencies network in terms of multi-dimensional information. The method, based on the VC coefficient, can also be combined with other network analysis approaches to study the topology of multi-dimensional networks. The outcomes of this study could be developed into research for forecasting and signaling disturbances that adversely affect the stability of the physical world, and giving sufficient time to prepare resources and response actions to minimize the impact of financial crises on the stability of the physical world.
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